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Abstract: Due to the strong disturbance of a mining face, the surrounding rock of the withdrawal
roadway is susceptible to deformation and failure, which restricts the safe and efficient evacuation
of mining equipment. To resolve this longstanding technical problem in mine production, an engi-
neering investigation, numerical simulation, theoretical analysis, and other research methodologies
were conducted in this study. Furthermore, the influence mechanism of mining-induced stress on
the withdrawal roadway was revealed, the anti-disturbance principles of thick-layer anchorage of
roadway roofs were elucidated, and a novel double-layer flexible support technique was proposed.
The front abutment pressure, stress superposition, damage accumulation of the surrounding rock,
and the fluctuation of mining-induced stress are the primary factors contributing to the signifi-
cant deformation of the surrounding rock in a withdrawal roadway. However, the fluctuation of
mining-induced stress has usually been ignored in previous studies, and it may be the most crucial
cause of the significant deformation and instability of the surrounding rock. The thickness of the
anchored rock beam is the most vital factor affecting the maximum subsidence and maximum tensile
stress of the roof, and increasing the thickness of the anchored rock beam can significantly improve
the stability and anti-disturbance performance of the roof. In the proposed double-layer flexible
supporting technique, flexible steel strands serve as the carrier, which overcomes the constraint of
the roadway height on the length of roof support components. The first layer of flexible support
is used to construct a thick fundamental anchorage layer, while the second layer is employed to
construct a thicker reinforced anchorage layer, facilitating the effective resistance of the roof against
strong mining disturbances. The effectiveness of this technique was further validated through the
application of an engineering practice. The research results have reference value for solving the
difficult problem of mining roadway support.

Keywords: withdrawn roadway; strong mining disturbance; stress fluctuation; double-layer flexible
support; thick anchor

1. Introduction

The withdrawal roadway is a specialized mining roadway arranged at the stop-
mining line of a coal mining face. It serves as a direct connection to the gob after the
completion of mining operations, providing crucial spatial support for withdrawing the
mining equipment [1,2]. The mining areas in the Inner Mongolia Autonomous Region and
Shaanxi Province are the core regions of coal production in China, and the deep mining
method has been widely employed in these mining areas [3–5]. To ensure the safe and
efficient mining of deep coal, the mining equipment should be transported and withdrawn
efficiently. The roof control of the withdrawal roadway is an important guarantee for the
safe and rapid retreat of the mining equipment from the working face. However, during
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the final mining period, the withdrawal roadway will be connected to the coal mining face,
which will cause severe deformation, fracture, and instability of the surrounding rock in
this roadway due to strong mining influence. This poses a formidable challenge for roof
control and has been a persistent issue affecting mine production [6–8].

The weighting characteristics of the withdrawal roadway mainly depend on the
distribution of the front abutment pressure in the working face [9,10]. The classic mine
pressure theory points out that the front abutment pressure along the advancing direction
of the working face can be divided into the following three zones: the stress reduction
zone, the abutment pressure zone and the original-rock stress zone. Researchers have
conducted many studies on front abutment pressure. It has been concluded that the value
and distribution range of the stress reduction zone and abutment pressure zone significantly
affect the stability of the surrounding rock of the withdrawal roadway. Yang et al. [11]
studied the influence of the fracture location of the main key layer of the roof on the stability
of the surrounding rock of the withdrawal roadway and proposed a differentiated support
plan for the withdrawal roadway. He et al. [12] pointed out that the stop-mining line should
be reasonably designed to ensure that the main key layer fracture line is located behind the
hydraulic support. Li et al. [13] put forward the treatment method for the manifestation of
strong strata behaviors by using hydraulic fracturing technology to break the key stratum
and to protect the reserved roadways. Under the mining conditions of a 15-m-thick coal
seam in the Datong mining area, Xie et al. [14] conducted a case study on the distance
between the stop-mining line and the location of the main key layer fracture line of the
roof. It was concluded that, when the stop-mining line distance is slightly greater than the
length of the key block, the stability of the surrounding rock in the withdrawal roadway is
optimal. The above studies all posit the idea that the stress distribution of the surrounding
rock in small roadway areas is related to the fracture morphology of the roof key layer.

In the aspect of support structure optimization, the combination of anchor bolts and
cables has been employed to control the deformation of the surrounding rock of the roadway
under strong mining disturbance. After installation, the anchor bolts and cables provide
supporting resistance to the surrounding rock. With the deformation of the surrounding
rock, the support resistance is increased. Thus, the utilization of anchor bolts and cables
can improve the strength of the surrounding rock timely and effectively, prevent the early
separation of the surrounding rock, and control the deformation of the surrounding rock.
Wang et al. [15] installed anchor cables within deep and stable rock layers to stabilize a
larger range of rock masses in order to suppress deformation, which fully utilized the
bearing capacity of the surrounding rock itself. These studies suggest that the purpose of
bolt–cable support is to give full play to the bearing capacity of the rock mass.

Based on the typical deep coal seam conditions in a large-scale mine of 10 million tons
in western China, the surrounding rock control of the withdrawal roadway under strong
mining disturbance was investigated through theoretical and technological research in
this study. The mechanism of large deformation in the withdrawal roadway that occurred
during mining was analyzed, and a novel active roof control technique of a double-layer
flexible and thick anchorage was proposed for the deep withdrawal roadway under the
strong mining disturbance.

2. Research Background
2.1. Roadway Layout and Geological Conditions of Test Points

The test point was located in working face 21405 of the Hulusu coal mine. This working
face was the first mining face in the fourth panel of coal seam 2-1 of the mine. Figure 1
shows the roadway layout of working face 21405. The daily progress of the working face
was 5.6 to 9.6 m. The two entries were abandoned behind the longwall progress. The
withdrawal roadway was arranged near the stop-mining line for the withdrawal of the
production equipment after the completion of mining. A protective coal pillar with a width
of 360 m was left between the withdrawal roadway of working face 21405 and the main
roadway in the panel area. The value of the pillar width was greater than that of the
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conventional value (half the width of the working face), which facilitated the final layout of
a longitudinal longwall face after all of the working faces to the right were completed.
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Figure 1. Roadway layout and mining environment.

The buried depth of the working face was 650 m, and the thickness of the coal in the
final mining area was 3.4 m. The cross-sectional shape of the withdrawal roadway was
rectangular, with a width of 4.8 m and a height of 3.4 m. It was driven using a roadheader
for high efficiency construction. In the withdrawal roadway, the roof of the coal seam
was composed of medium sandstone, fine sandstone, and coarse sandstone, and the floor
was composed of mudstone or sandstone. Figure 2 shows the occurrence situation of the
rock strata, and Table 1 shows the mechanical parameters of the rock layer. As depicted
in Figure 2, the withdrawal roadway will experience the most significant mining impact
during the final mining period, that is, the working face will be continuously advanced
until it connects with the withdrawal roadway. During this period, the front abutment
pressure of the working face will gradually approach the withdrawal roadway, and the
impact on the stability of the surrounding rock in the withdrawal roadway will become
increasingly significant.
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Table 1. Mechanical parameters of rock strata.

Lithology Density
(kg·m−3)

Bulk Modulus
(GPa)

Shear Modulus
(GPa)

Tensile
Strength (MPa)

Cohesion
(MPa)

Internal Friction
Angle (◦)

Sandstone 2550 10.35 7.74 2.4 3.15 36

Coal seam 1400 3.05 2.13 1.0 0.82 26

Mudstone 2500 5.94 4.05 1.8 1.53 32

In order to effectively control the stability of the surrounding rock in the withdrawal
roadway, the following three key tasks need to be accomplished: (1) understanding the
causes behind the strong rock pressure and the significant deformation of the surround-
ing rock in the withdrawal roadway; (2) selecting a reasonable construction time to en-
sure that the excavation of the withdrawal roadway is not affected by the mining; and
(3) implementing a scientific support plan to control the deformation of the surrounding
rock of the withdrawal roadway during the mining activities.

2.2. Previous Support Techniques and Their Defects

Previously, complex supporting methods were used to cope with the influence of
strong mining on the withdrawal roadway in this mine. During the roadway excavation,
anchor bolts and cables were mainly used to complete the first support. Before mining,
the anchor cables were used for the second reinforced support. During mining, the single
hydraulic support columns, stacked supports, or concrete pier columns were used for the
third reinforced support.

However, this composite support technique exhibits the following limitations: (1) In
combined bolt–cable support, the mechanical properties of the bolts and the cables differ
greatly, leading to synergistic difficulty during the bearing period; moreover, a limited
number of anchor cables may experience breakage, due to excessive load bearing. (2) The
completion of three supports requires the successive organization of three teams, resulting
in the significant allocation of the construction resources and an extended construction
period. (3) The utilization of a single hydraulic prop, stacked support, or a concrete pier
column occupies the space of the withdrawal roadway, thereby reducing the efficiency of
the equipment withdrawal. (4) The composite support method has high labor intensity and
a high cost. (5) The composite support method has not completely solved the problem of the
large deformation of the surrounding rock in the withdrawal roadway under strong mining
disturbance, and the local deformation and failure of the rock mass increase the difficulty
of repair and support reinforcement. (6) The maximum deformation of the roof and floor
exceeds 1000 mm, and the maximum deformation of the two ribs exceeds 800 mm. The
deformations are accompanied by fractures that loosen the surrounding rock and make the
structure unstable. In this case, there is a safety risk of the roof falling in. The maintenance
and control of the roof stability in withdrawal roadways under the influence of strong
mining is still challenging, and the existing supporting method is intricate, necessitating an
urgent resolution for the roof support of the withdrawal roadways.

3. Impact of Mining on Withdrawal Roadway
3.1. Modeling of the Spatial Structure of the Withdrawal Roadway and the Stope

A FLAC numerical simulation model was established based on the engineering con-
ditions of the withdrawal roadway, as shown in Figure 3. The upper boundary of the
model was subjected to stress constraints, with a vertical stress of 14 MPa, and all of the
other boundaries were subjected to displacement constraints. The rock strength criterion
used was the Mohr–Coulomb criterion. During the simulation process, the working face
gradually advanced, with a cumulative advancement of 300 m, until it was connected with
the withdrawal roadway. During this period, the changes in the stress and deformation of
the surrounding rock were monitored for the subsequent theoretical analysis.
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Combined with the numerical simulation, this study focuses on the following three
aspects: (1) the influence mechanism of the mining-induced stress on the strong deformation
of the surrounding rock in the withdrawal roadway is analyzed in order to deepen the
understanding of the problem of strong mining; (2) the influence range of the advanced
mining on the working face is obtained in order to determine the reasonable excavation
timing for the withdrawal roadway; and (3) the evolution law of stress and deformation
in the surrounding rock of the withdrawal roadway during critical mining operations is
summarized in order to determine the supporting parameters.

3.2. Influence Mechanism of Mining-Induced Stress on the Withdrawal Roadway

This study has demonstrated that there are four primary factors contributing to the
severe deformation of the surrounding rock in the withdrawal roadway during mining
activities, as follows:

(1) Abutment pressure. After roadway excavation, the abutment pressure is formed on
both sides of the coal bodies. After coal seam mining, the roof of the coal seam undergoes
periodic fracture, leading to stress transfer from the gob to the periphery. Among them,
there is a high value of front abutment pressure distributed in front of the working face. As
shown in Figure 4, the peak value of the abutment pressure on both sides of the roadway
is 22.8 MPa, which is 1.22 times higher than that of the original rock stress. The front
abutment pressure significantly increases, and its peak value reaches 55.18 MPa, which is
3.25 times higher than that of the original rock stress. The abutment pressure caused by
coal mining is 2.4 times higher than that caused by excavation. Therefore, the withdrawal
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roadway is more prone to deformation when it is disturbed by the mining of the working
face. This is consistent with previous studies [16].
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Figure 4. Distribution curve of abutment pressure: (a) The abutment pressure of coal mass on both
sides of the withdrawal roadway; (b) Front abutment pressure of working face 21405.

(2) Stress superposition. When the coal mining face is still at a certain distance from
the withdrawal roadway, the front abutment pressure has already been superimposed
with the abutment pressure inside of the surrounding rock of the withdrawal roadway.
Figure 5 shows the vertical stress evolution of the coal seam roof when the working face is
gradually advanced to the withdrawal roadway. When the distance between the working
face and the withdrawal roadway is 245 m, the stress variation in the withdrawal roadway
is the smallest. When the distance is 180 m, the stress variation is relatively small. When
the distance is 115 m, the abutment pressure on both sides of the withdrawal roadway
increases slightly. When the distance is 55 m, the abutment pressures on both sides are
superimposed onto each other, and these values show a significant increase. When the
distance between the two is 5 m, the position of the peak abutment pressure has already
crossed the withdrawal roadway and reached the rear of the withdrawal roadway, and the
peak stress is as high as 68.45 MPa. When the superimposed stress exceeds the bearing
capacity of the surrounding rock (especially the coal body), a strong deformation of the
withdrawal roadway occurs.
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(3) Damage accumulation. During the disturbance period, the surrounding rock of
the withdrawal roadway exhibits stress-induced responses. The deformation and failure of
the rock mass are the most evident manifestations. Due to the continuous occurrence of
stress variations, rock mass damage continues to accumulate, ultimately resulting in large
deformation and instability.

(4) Stress fluctuation. Although stress fluctuation has often been overlooked in pre-
vious research, it plays a crucial role in the deformation and instability of the roadway
surrounding rock under strong mining disturbance. Figure 6 shows the stress distribution
nephogram of the rock layer when the working face is advanced to a distance of 115 m,
55 m, and 5 m from the withdrawal roadway, respectivley. Figure 5 shows the stress
value of the coal seam roof. At this time, the stress of each point in the figure seems to be
determined, while the stress at every point in the rock mass undergoes a complex wave-like
evolution process.
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Figure 7a–c shows the stress evolution curve, stress fluctuation curve, and stress
amplitude curve of the coal body at different positions in front of the mining work under
different mining disturbances. In the area 130 m away from the front of the working face,
the stress fluctuation of the coal body is very small, and the amplitude of stress variation is
also small, with a maximum change value of 0.83–1.36 MPa. This area can be considered as
a weak disturbance area. In the range of 130–30 m in front of the working face, the stress
fluctuation of the coal body is significantly enhanced, and the amplitude of stress variation
also increases rapidly, with a maximum change value of 2.43–17.25 MPa. This area can
be considered as a moderate disturbance area. In the range of 30 m to 0 m in front of the
working face, the stress fluctuation of the coal body is the strongest. The range of stress
variation in this area is 37.19–40.34 MPa, which has exceeded the original rock stress by two
times. Frequent stress fluctuations are equivalent to the frequent loading and unloading of
coal and rock masses, which are more likely to induce cracks and deformation. This may be
the most important cause of the deformation and instability of the roadways under strong
mining disturbance.
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Figure 7. The evolution of vertical stress during mining: (a) The evolution curves of vertical stress at
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value; (c) The amplitude of stress variation.

3.3. Excavation Timing of Withdrawal Roadway

The majority of mines aim to excavate the withdrawal roadway later in order to
concentrate the construction efforts on the preparation and extraction of the working face.
To mitigate the impact of the mining activities on the working face, the determination of the
latest feasible time for excavating the withdrawal roadway has emerged as a significantly
crucial concern in this scenario. Based on the law of rock pressure and the numerical
simulation results, the following can be elucidated:

(1) The influence range of the front abutment pressure on the working face should not
exceed 1.0–1.2 times that of the width of the working face [17,18].

(2) From the analysis of the abutment pressure characteristics, the influence range
of the front abutment pressure on working face 21405 is 142.7 m (0.47 times more than
that of the width of the working face), while the influence range of the abutment pres-
sure on the withdrawal roadway is 28.2 m (5.9 times more than that of the width of the
withdrawal roadway).

(3) The stress superposition occurs when the distance between the working face and
the withdrawal roadway is 115 m.

(4) At 130 m in front of the working face, the stress fluctuation of the coal body
significantly increases.

From the perspective of facilitating the maintenance and control of the withdrawal
roadway, the maximum distance of 171 m (which is the sum of the influence ranges of the
abutment pressure between the working face and the roadway) can be selected as a safe
distance to avoid significant disturbances. In other words, reasonable timing should be
selected to ensure that the distance between the coal face and the withdrawal roadway
is greater than 171 m when the excavation of the withdrawal roadway is completed.
Considering that the excavation speed v1 and the mining speed v2 are not consistent, the
following function can be used to determine the excavation timing:

L =
305v2

v1
+ 171 (1)
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When the distance between the coal mining face and the designated position of the
withdrawal roadway reaches L, the excavation of the withdrawal roadway must commence.
During on-site implementation, if there are changes in mining production (for example, if
the excavation speed of the withdrawal roadway is slowed down or the mining speed of
the working face is accelerated), this distance can be appropriately enlarged.

4. Double-Layer Flexible Support Technique and its Key Parameters
4.1. Anti-Disturbance Principle of Thick-Layer Anchorage

The front abutment pressure is induced by coal seam mining. When the distance
between the working face and the withdrawal roadway is sufficiently small, the front abut-
ment pressure overlaps with the abutment pressure of the withdrawal roadway, resulting
in a further increase in peak stress [19–21]. When any point in the rock mass evolves into a
new stress equilibrium state, it will produce frequent stress fluctuations, leading to cumu-
lative damage to the rock mass. It can be seen that the reasons for the large deformation
and failure of the withdrawal roadway caused by mining disturbance are complex. At this
point, it is necessary to build a stable anti-disturbance support structure.

The coal seam roof exhibits typical layered characteristics, and, even with the same
lithology, it is often subdivided into multiple rock layers due to the presence of weak
interlayers within it. The individual layers are comparatively thinner, exhibit low stability,
and are susceptible to deformation. By using an anchor bolt support, multiple thinner rock
layers can transform into thicker and more integrated anchorage layers, and the stability
and disturbance resistance of the roof can be greatly improved.

The roof rock layer can be assumed to be a simply supported beam to reflect the actual
stress situation of the layered roof. Supposing that the thickness and the width of the
anchored rock beam on the roof are h (m) and b (m), respectivley, I is the moment of inertia
of the cross-section to the neutral axis (for a rectangular section I = bh3/12, m4), the load
borne is q (MPa), the elastic modulus is E (MPa), and the roadway width is w (m), then the
maximum roof subsidence smax can be obtained as follows:

smax = 5qw4/384EI = 5qw4/32Ebh3 (2)

During the roof subsidence, the maximum bending moment is Mmax = qw2/8 and the
bending interface coefficient is W = bh2/6. Therefore, the maximum tensile stress borne by
the anchored rock beam of the roof σmax is as follows:

σmax = Mmax/W = 3qw2/4bh2 (3)

As shown in Equations (2) and (3), the thickness h of the anchored rock beam is a
sensitive factor affecting the maximum subsidence and maximum tensile stress of the roof.
If typical values are taken for the other parameters in the equation (q = 1.2 MPa, w = 4.8 m,
E = 220 MPa, b = 1 m), then h has a significant impact on smax and σmax, as presented
in Figure 8. It is obvious that the larger the h, the smaller the maximum settlement and
maximum tensile stress of the roof. Therefore, increasing the thickness h of the anchored
rock beam is crucial for ensuring the safety of the roadway roof. The thicker anchorage
not only mitigates roof deformation, but also alleviates the tensile stress by enhancing the
overall bearing capacity of the roof.

Front abutment pressure can lead to rock failure in some cases. The important attribute
of thick layer anchoring at this stage is that it can maintain the stability of the rock structure
surrounding the roadway and provide support for further strengthening measures, such
as grouting.
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Figure 8. The relationship between the thickness of the anchored rock beam and the maximum
subsidence/the maximum tensile stress of the roof.

4.2. Double-Layer Flexible Support Technique

Currently, a rigid anchor bolt made from non-longitudinal reinforced threaded steel
has been extensively used in most roadway supports [22,23]. The ultimate length of this
type of anchor bolt is constrained by the following three factors: (1) the anchor bolt’s
inability to bend; (2) the design height of the roadway limits the roof bolt length; and (3) a
portion of the gangue in the excavation face is not transported out in a timely manner, but
instead serves as a working platform for roof support (otherwise, the workers are unable to
access the roof if the roadway elevation is too high). Consequently, the length of the roof
anchor bolt is limited. Evidently, the support length of the rigid anchor rod is limited and
fails to meet the demands of thick-layer anchorage.

The steel strands possess flexible properties and are capable of being bent. Therefore,
the length of the steel strand is not limited by the height of the roadway or the available
working space. The tensile strength of the steel strand is much higher than that of the
threaded steel anchor bolt. Table 2 presents the mechanical parameters of the most com-
monly used anchor bolts and steel strands in coal mine roadways. The tensile strength and
yield strength of the steel strands are 2.78 times and 3.2 times that of the rebar, respectively;
therefore, the steel strands have a better bearing capacity. The cable support is adapted to
variable load conditions [24,25], especially shear stresses, which may occur during mining
disturbances. The utilization of steel strands for supporting the roadway roof enables not
only effective thick anchorage, but also the application of high pre-tightening force. This
approach significantly reduces the likelihood of bolt detachment, thus achieving robust
anti-disturbance support.

Table 2. Mechanical parameters of bolt and cable most commonly used in coal mine roadway.

Materials Tensile Strength/MPa Yield Strength/MPa Elastic Modulus/GPa Elongation Rate/%

Bolts 670 500 210 20.0
Anchor cables 1860 1600 202 5.3

As shown in Figure 9, the double-layer flexible support technique adopts two lengths
of steel strands. The first layer of flexible support is used to construct the thick funda-
mental anchorage layer, and the second layer of flexible support is used to realize the
thicker reinforced anchorage layer. The advantages of this technique include the following:
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(1) fully utilizing the high load-bearing capacity of the steel strands; (2) by using the thick
fundamental anchorage layer, a certain thickness of rock layers on the roof is consolidated
into one unit, and anti-disturbance support is achieved; and (3) by using the thicker re-
inforced anchorage layer, the stability of the deeper rock masses can be fully mobilized
in order to constrain the deformation of shallow, unstable rock masses, thereby further
improving the anti-disturbance performance of the support structure.
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4.3. Support Thickness, Pre-Tightening Force, and Key Positions

In order to ensure that the anchored rock beam of the roadway roof is not damaged,
it is necessary to ensure that σmax cannot exceed its tensile strength σt (MPa). Based on
Equation (3), the safety condition criterion for the roof can be obtained as follows:

h ≥
√

3qw2/4bσt (4)

Equation (4) can be used to determine the thickness h of the roof support. This means
that, if h satisfies this inequality, the tensile stress on the roof will not exceed its tensile
strength, thus ensuring the safety of the roof.

There is consensus within the engineering community that a high pre-tightening
force should be applied to the bolt support of coal mine roadways to ensure the support
effect [26–28]. According to the technical specifications for rock bolting in coal mine
roadways [29], the pre-tightening force of the anchor bolt should reach 30% to 60% of that
of the yield force, and the anchorage force of the anchor bolt should reach the standard
value of the yield force. In accordance with this requirement, the pre-tightening force
of anchor cables with a diameter of 21.8 mm should be 145–290 kN (the yield force of
the anchor cable is 482 kN). However, this range remains considerably extensive. In our
practice, the pre-tightening force of anchor cables with a diameter of 21.8 mm should be
more precise. Specifically, the pre-tightening force of anchor cables within a length of 5 m
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should exceed 150 kN, while the pre-tightening force of anchor cables within a length of
5 m and 8 m should exceed 200 kN.

The deformation of the roadway mainly occurs near the midpoint of the four sides of
the rectangular cross-section [30,31]; therefore, the corresponding support center of gravity
must tilt towards this area. However, it cannot be ignored that there are stress concentration
zones on the outside of each of the four corners of the rectangle. Due to structural effects,
the anchorage performance of the rock mass in this area is relatively high. Thus, a part of
the anchor cable anchored near the midpoint of the four sides can be anchored in the rock
mass outside of the four corners.

5. Application Cases and Effect Analysis
5.1. Support Plan for Engineering Test Points

Working face 21405 of the Hulusu coal mine was taken as an engineering test site, and
its basic conditions were as described earlier. According to the requirements of Equation
(1), the excavation work of the withdrawal roadway should be completed at a distance of
171 m from the coal mining face. In fact, the excavation time of the withdrawal roadway
was advanced, and when the excavation was completed, the working face was still 300 m
away. Therefore, the withdrawal roadway was free from the disturbance of the coal mining
face during the excavation period.

According to the requirements of Equation (4) and the parameters provided in Sec-
tion 4.1, the thickness h of the roof support varies with the tensile strength σt of the roof,
as shown in Table 3. The tensile strength range of the roadway roof at this test point is
1.8–2.4 MPa. In order to ensure the safety of the mining production from the most unfavor-
able perspective, the tensile strength of the roof should be calculated as 1.8 MPa, and the
thickness of the roof support should not be less than 3.4 m.

Table 3. The thickness of the roof support varies with the tensile strength of the roof.

σt (MPa) 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

h (m) 10.2 7.2 5.9 5.1 4.6 4.2 3.8 3.6 3.4 3.2 3.1 2.9 2.8 2.7 2.6

A support plan for the withdrawal roadway was designed, as shown in Figure 10, as
follows: (1) The first layer of support for the roadway roof adopted a Φ 21.8 × 4300 mm
flexible steel strand support, with a pre-tension of 200 kN. The second layer of support
adopted a Φ21.8 × 8300 mm flexible steel strand support, with a pre-tension of 240 kN.
(2) The first layer of support for the non-mining rib of the roadway adopted a Φ 22 × 2500 mm
threaded steel anchor bolt support, with a pre-tightening force of 60 kN. The second layer
of support adopted a Φ21.8 × 5300 mm flexible steel strand support, with a pre-tension
of 200 kN. (3) The mining rib of the roadway adopted a Φ 22 × 2500 mm threaded steel
anchor bolt support, with a pre-tightening force of 60 kN. When the working face arrived,
the shearer cut away the mining rib, so the flexible steel strand support was not used.
(4) The threaded steel anchor bolt and flexible steel strand were both anchored with
MSCK2370 resin coil. (5) Metal mesh protection was employed for the roof and roadway
sides, and W-shaped steel strips were also used to strengthen the protection.
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Figure 10. The support parameters of withdrawal roadway 21405.

5.2. Field Application and Effect Analysis

The active roof control technique of double-layer flexible thick anchorage fully utilizes
the high load-bearing performance of deep rock masses to constrain the deformation
of shallow rock masses, achieving the deformation linkage of deep and shallow rock
masses. Figure 11 shows the supporting effect of the field application. The deformation
of the surrounding rock was measured using the ‘cross-section method’ in the central
area of the withdrawal roadway using steel measuring tape and laser rangefinders. The
deformation includes two stages of excavation and mining. After strong mining, the
maximum deformation of the roof, floor, non-mining rib, and the midpoint of the mining
rib are 107 mm, 258 mm, 215 mm, and 524 mm, and their average deformation is 59 mm,
97 mm, 93 mm, and 209 mm, respectively. The cross-sectional dimensions of the roadway
after deformation fully comply with the usage requirements and exhibit a relatively ideal
deformation control effect.
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This technique effectively solves the problem of controlling large deformation in road-
ways under strong mining disturbance, greatly supporting and effectively ensuring the
continuity of mine production. Moreover, this technique simplifies the support process,
eliminating the heavy workload and safety risks associated with traditional stacked sup-
port transportation. As a result, it offers significant economic and technical advantages
compared to the original technology.

6. Conclusions

(1) The occurrence mechanism of the large deformation of the surrounding rock in
a withdrawal roadway during mining activities has been revealed, which includes three
aspects of the influence of front abutment pressure on the coal mining face, including the
stress superposition exceeding the bearing capacity of the surrounding rock, the damage
accumulation of the surrounding rock in the withdrawal roadway during a long mining
cycle, and the fluctuation evolution of mining-induced stress. Among them, the fluctuation
evolution of mining-induced stress has often been overlooked in the past, but it may
be the most important cause of the large deformation and instability of the roadway
surrounding rock.

(2) A method has been proposed to determine the excavation timing of the withdrawal
roadway. The adoption of the proposed method not only allows for a reasonable project
arrangement during the construction period, but also avoids the impact of advanced mining
of the working face on the withdrawal roadway during excavation. From the perspective
of facilitating the maintenance and control of the withdrawal roadway, the sum of the
influence ranges of the abutment pressure between the working face and the roadway can
be selected as the safe distance to avoid significant disturbances.

(3) The anti-disturbance principle of thick-layer anchorage has been clarified. The
single layer of the roadway roof is characterized by its thinness, lack of stability, and
susceptibility to deformation. When multiple thin rock layers are transformed into thick
and well-integrated anchored layers through anchor support, the stability and disturbance
resistance of the roof can be greatly improved. The thickness of the anchored rock beam is
a sensitive factor that affects the maximum subsidence and maximum tensile stress of the
roof and is crucial for ensuring the safety of the roadway roof.

(4) A novel double-layer flexible support technique has been proposed. In this support
scheme, 1860-MPa-grade flexible steel strands are used as the carrier, overcoming the
limitation of the rigid anchor bolt length limited by the roadway height, and achieving
thick anchorage. The thick fundamental anchorage layer is constructed with the first layer
of flexible support, and the thicker reinforced anchorage layer is constructed with the
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second layer of flexible support. Through this double-layer flexible and thick anchorage,
the mining disturbance to the withdraw roadway can be effectively resisted. Specific
explanations have been provided for the thickness, per-tightening force, and key support
positions of the support. The calculation method of the thickness h of the roof support has
also been also proposed.

(5) Based on the application site of the withdrawal roadway in working face 21405 of
the Hulusu coal mine in Inner Mongolia, China, the technical effect verification has been
provided. The withdrawal roadway has a buried depth of 650 m, a coal thickness of 3.4 m,
a rectangular cross-section shape, a width of 4.8 m, and a height of 3.4 m. The application
of new double-layer flexible support technology has achieved ideal results in controlling
roadway deformation after the completion of mining.

Author Contributions: Conceptualization, C.H.; methodology, C.H. and G.D.; software, Y.Y.; valida-
tion, G.D. and G.H.; investigation, W.L. and H.Y.; data curation, G.D. and G.H.; writing—original
draft preparation, C.H.; writing—review and editing, Y.Y. and G.D.; project administration, G.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
52274101; 52034007) and the China Postdoctoral Science Foundation (No. 2019M652019).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors are very grateful to the reviewers for carefully reading the manuscript
and providing valuable suggestions. The authors are also very grateful to Yinghao Hao and Jihan Liu
of Zhongtian Hechuang Energy Co., Ltd. for their contributions to conceptualization and validation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, Y.; Wang, X.; Zhang, F.; Li, M.; Wang, G.; Chen, D.; Li, G.; Zhao, X. Retracement Ground Pressure Appearance and Control

of the Working Face under the Overlying Residual Pillar: A Case Study. Energies 2023, 16, 1701. [CrossRef]
2. Xue, X.; Zhang, K.; Chen, W.; Deng, K. Experimental Investigation and Viscoelastic-Plastic Model for Sandstone under Cyclic

Tensile Stress. Geomech. Geophys. Geo-Energy Geo-Resour. 2021, 7, 77. [CrossRef]
3. Han, C.; Zhang, N.; Yang, H.; Zhao, Q.; Song, K. Discontinuous Deformation Characteristics of Deep Buried Roadway Roofs and

Linkage Control of Thick Layer Cross-Boundary Anchorage: A Case Study. Energies 2023, 16, 2160. [CrossRef]
4. Yang, H.; Han, C.; Zhang, N.; Li, X.; Liu, Y.; Liu, W.; Song, K.; Guo, Y.; Yao, W. Efficient Excavation and Support Cooperation

Technology for Surrounding Rock of Deep Buried Long-Distance and Large Section Gob-Side Roadway: A Case Study. Geofluids
2022, 2022, 6895887. [CrossRef]

5. Yuan, Y.; Zhang, N.; Han, C.; Yang, S.; Xie, Z.; Wang, J. Digital Image Processing-Based Automatic Detection Algorithm of Cross
Joint Trace and Its Application in Mining Roadway Driven Practice. Int. J. Min. Sci. Technol. 2022, 32, 1219–1231. [CrossRef]

6. Chen, Q.; Zou, B.; Tao, Z.; He, M.; Hu, B. Construction and Application of an Intelligent Roof Stability Evaluation System for the
Roof-Cutting Non-Pillar Mining Method. Sustainability 2023, 15, 15032670. [CrossRef]

7. Li, J.; Ren, J.; Li, C.; Zhang, W.; Tong, F. Failure Mechanism and Stability Control of Soft Roof in Advance Support Section of
Mining Face. Minerals 2023, 13, 13020178. [CrossRef]

8. Wang, Y.; Gao, Y.; Wang, E.; He, M.; Yang, J. Roof Deformation Characteristics and Preventive Techniques Using a Novel
Non-Pillar Mining Method of Gob-Side Entry Retaining by Roof Cutting. Energies 2018, 11, 11030627. [CrossRef]

9. Zhang, Z.; Li, Z.; Xu, G.; Gao, X.; Liu, Q.; Li, Z.; Liu, J. Lateral Abutment Pressure Distribution and Evolution in Wide Pillars
under the First Mining Effect. Int. J. Min. Sci. Technol. 2023, 33, 309–322. [CrossRef]

10. Li, J.; Lian, X.; Li, C.; Wu, Z.; Wang, J. Failure Mechanism and Support System of Roofs in Advance Areas Affected by Mining
under the Condition of Soft Rock Stratum. Front. Earth Sci. 2022, 10, 936029. [CrossRef]

11. Yang, R.; Li, Y.; Zhu, Y. Study on Stability Control of Equipment Removal Channel for High Cutting Mining Face under Special
Condition. Coal Sci. Technol. 2017, 45, 10–15.

12. He, F.; Liu, B.; Wang, D.; Chen, D.; Wu, Y.; Song, L.; Ma, X.; Ye, Q.; Jiang, Z.; Guo, F.; et al. Study on Stability and Control of
Surrounding Rock in the Stopping Space with Fully Mechanized Top Coal Caving under Goaf. Energies 2022, 15, 8498. [CrossRef]

13. Li, C.; Xin, D.; Liu, Y.; Chen, T. A Case Study on Strong Strata Behaviors Mechanism of Mining Reserved Roadway and Its
Prevention Techniques. Processes 2023, 11, 11051341. [CrossRef]

https://doi.org/10.3390/en16041701
https://doi.org/10.1007/s40948-021-00272-3
https://doi.org/10.3390/en16052160
https://doi.org/10.1155/2022/6895887
https://doi.org/10.1016/j.ijmst.2022.09.009
https://doi.org/10.3390/su15032670
https://doi.org/10.3390/min13020178
https://doi.org/10.3390/en11030627
https://doi.org/10.1016/j.ijmst.2022.11.006
https://doi.org/10.3389/feart.2022.936029
https://doi.org/10.3390/en15228498
https://doi.org/10.3390/pr11051341


Appl. Sci. 2023, 13, 12656 17 of 17

14. Xie, S.; Wu, Y.; Ma, X.; Chen, D.; Guo, F.; Jiang, Z.; Li, H.; Zou, H.; Liu, R.; Zhang, X. Reasonable Stopping Method and Retracement
Channel Support at Fully Mechanized Top Coal Caving Working Face of 15 m Extra-Thick Coal Seam: A Case Study. Energy Sci.
Eng. 2022, 10, 4336–4357. [CrossRef]

15. Wang, H.; Jiang, Y.; Xue, S.; Mao, L.; Zhang, D. Influence of Fault Slip on Mining-Induced Pressure and Optimization of Roadway
Support Design in Fault-Influenced Zone. J. Rock Mech. Geotech. Eng. 2016, 8, 660–671. [CrossRef]

16. Wang, B.; Dang, F.; Gu, S.; Huang, R.; Miao, Y.; Chao, W. Method for Determining the Width of Protective Coal Pillar in the
Pre-Driven Longwall Recovery Room Considering Main Roof Failure Form. Int. J. Rock Mech. Min. Sci. 2020, 130, 104340.
[CrossRef]

17. Qin, H.; Cheng, Z.; Ouyang, Z.; Zhao, X.; Feng, J. Relationship between Advancing Abutment Pressure and Deformation of
Surrounding Rock in a Roadway: A Case Study in Helin Coal Mine in China. Environ. Earth Sci. 2021, 80, 763. [CrossRef]

18. Xue, H.; Wang, Q.; Jiang, B.; Jiang, Z.; Wang, Y.; Huang, Y.; He, M. Study on the Method of Pressure Relief by Roof Cutting and
Absorbing Energy in Deep Coal Mines. Bull. Eng. Geol. Environ. 2023, 82, 298. [CrossRef]

19. Wang, F.; Jie, Z.; Ma, B.; Zhu, W.; Chen, T.; Zhang, Z. Influence of Upper Seam Extraction on Abutment Pressure Distribution
during Lower Seam Extraction in Deep Mining. Adv. Civ. Eng. 2021, 2021, 8331293. [CrossRef]

20. Xie, J.-L.; Xu, J.-L. Effect of key stratum on the mining abutment pressure of a coal seam. Geosci. J. 2017, 21, 267–276. [CrossRef]
21. Zhu, S.; Feng, Y.; Jiang, F. Determination of Abutment Pressure in Coal Mines with Extremely Thick Alluvium Stratum: A Typical

Kind of Rockburst Mines in China. Rock Mech. Rock Eng. 2015, 49, 1943–1952. [CrossRef]
22. Zhao, H.; Su, H.; Qin, X.; Zhang, K.; Jiang, Y.; Wang, W.; Qin, C.-Z. Experiment and Numerical Simulation of Strength and Stress

Distribution Behaviors of Anchored Rock Mass in a Roadway. Geofluids 2023, 2023, 9311206. [CrossRef]
23. Zhang, J.; Liu, L.; Shao, J.; Li, Q. Mechanical Properties and Application of Right-Hand Rolling-Thread Steel Bolt in Deep and

High-Stress Roadway. Metals 2019, 9, 9030346. [CrossRef]
24. Tahmasebinia, F.; Yang, A.; Feghali, P.; Skrzypkowski, K. A Numerical Investigation to Calculate Ultimate Limit State Capacity of

Cable Bolts Subjected to Impact Loading. Appl. Sci. 2022, 13, 13010015. [CrossRef]
25. Tahmasebinia, F.; Yang, A.; Feghali, P.; Skrzypkowski, K. Structural Evaluation of Cable Bolts under Static Loading. Appl. Sci.

2023, 13, 13031326. [CrossRef]
26. Wang, Q.; He, M.; Yang, J.; Gao, H.; Jiang, B.; Yu, H. Study of a No-Pillar Mining Technique with Automatically Formed Gob-Side

Entry Retaining for Longwall Mining in Coal Mines. Int. J. Rock Mech. Min. Sci. 2018, 110, 1–8. [CrossRef]
27. Jing, H.; Wu, J.; Yin, Q.; Wang, K. Deformation and failure characteristics of anchorage structure of surrounding rock in deep

roadway. Int. J. Min. Sci. Technol. 2020, 30, 593–604. [CrossRef]
28. Yan, H.; Weng, M.-y.; Feng, R.-m.; Li, W.-K. Layout and support design of a coal roadway in ultra-close multiple-seams. J. Cent.

South Univ. 2015, 22, 4385–4395. [CrossRef]
29. GB/T 35056-2018; Technical Specifications for Rock Bolting in Coal Mine Roadways. State Administration for Market Regulation,

Standardization Administration of the People’s Republic of China: Beijing, China, 2018.
30. Zhu, D.; Wu, Y.; Liu, Z.; Dong, X.; Yu, J. Failure mechanism and safety control strategy for laminated roof of wide-span roadway.

Eng. Fail. Anal. 2020, 111, 104489. [CrossRef]
31. Gu, S.; Jiang, B.; Wang, G.; Dai, H.; Zhang, M. Occurrence Mechanism of Roof-Fall Accidents in Large-Section Coal Seam

Roadways and Related Support Design for Bayangaole Coal Mine, China. Adv. Civ. Eng. 2018, 2018, 6831731. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/ese3.1301
https://doi.org/10.1016/j.jrmge.2016.03.005
https://doi.org/10.1016/j.ijrmms.2020.104340
https://doi.org/10.1007/s12665-021-10045-6
https://doi.org/10.1007/s10064-023-03313-1
https://doi.org/10.1155/2021/8331293
https://doi.org/10.1007/s12303-016-0044-7
https://doi.org/10.1007/s00603-015-0868-x
https://doi.org/10.1155/2023/9311206
https://doi.org/10.3390/met9030346
https://doi.org/10.3390/app13010015
https://doi.org/10.3390/app13031326
https://doi.org/10.1016/j.ijrmms.2018.07.005
https://doi.org/10.1016/j.ijmst.2020.06.003
https://doi.org/10.1007/s11771-015-2987-7
https://doi.org/10.1016/j.engfailanal.2020.104489
https://doi.org/10.1155/2018/6831731

	Introduction 
	Research Background 
	Roadway Layout and Geological Conditions of Test Points 
	Previous Support Techniques and Their Defects 

	Impact of Mining on Withdrawal Roadway 
	Modeling of the Spatial Structure of the Withdrawal Roadway and the Stope 
	Influence Mechanism of Mining-Induced Stress on the Withdrawal Roadway 
	Excavation Timing of Withdrawal Roadway 

	Double-Layer Flexible Support Technique and its Key Parameters 
	Anti-Disturbance Principle of Thick-Layer Anchorage 
	Double-Layer Flexible Support Technique 
	Support Thickness, Pre-Tightening Force, and Key Positions 

	Application Cases and Effect Analysis 
	Support Plan for Engineering Test Points 
	Field Application and Effect Analysis 

	Conclusions 
	References

